Background-Successful late potential (LP) abolition and postprocedural ventricular tachycardia (VT) noninducibility constitute significant end points after catheter ablation for VT. We investigated the prognostic impact of a combined procedural end point of VT noninducibility and LP abolition in a large series of post-myocardial infarction patients with VT. Methods and Results-A total of 160 (154 men, 94% with implantable cardioverter defibrillators) consecutive postmyocardial infarction patients undergoing first-time ablation procedures from 2010 to 2012 were included. Of the 159 patients surviving the procedure, 137 (86%) were either inducible or in VT at baseline and 103 (65%) had baseline LP presence, of which 79 (77%) underwent successful LP abolition. The combined end point was assessable in 155 (97%) patients. There were 50 (32%) patients with VT recurrences and 17 (11%) cardiac deaths during follow-up. Patients who fulfilled the combined end point of VT noninducibility and LP abolition compared with inducible patients exhibited a significantly lower incidence of VT recurrence (16.4% versus 47.4%; log-rank P<0.001) and cardiac death (4.1% versus 42.1%; log-rank P<0.001). Among noninducible patients, those with additional LP abolition also had a lower incidence of VT recurrence (16.4% versus 46.0%; log-rank P<0.001). After multivariate analysis, the combined end point of VT noninducibility and LP abolition (hazard ratio, 0.205, P<0.001) was independently associated with VT recurrence and cardiac death (hazard ratio, 0.106; P=0.001). Conclusions-Achieving a combined catheter ablation procedural end point of VT noninducibility and LP abolition reduces VT recurrence rates to low levels (16%). The overall strategy was associated with a significant impact on cardiac survival. (Circ Arrhythm Electrophysiol. 2014;7:424-435.)
T he implantable cardioverter defibrillator (ICD) is indicated for primary and secondary prevention of sudden cardiac death because of ventricular arrhythmias in patients with a prior myocardial infarction (MI) and reduced left ventricular (LV) function. 1, 2 In patients implanted with ICDs for primary prevention, regardless of cause, the risk of death is significantly increased by both appropriate and inappropriate shock therapy. 3 ICD-unresponsive sudden cardiac death remains in ≈5% of recipients. 4 Pre-emptive substrate-based ablation has been shown to reduce the risk of ventricular tachycardia (VT) recurrence and ICD therapy, including shocks, without affecting mortality in patients with documented VT undergoing ICD implantation. 5, 6 We recently reported that successful late potential (LP) abolition reduces the risk of VT recurrence and that achieving postprocedural VT noninducibility reduces both VT recurrence and cardiac death in patients undergoing catheter ablation for VT because of multiple causes in the setting of a dedicated VT unit (VTU). 7, 8 Despite the prognostic value of programmed ventricular stimulation (PVS), limitations for its use as a sole procedural end point include deficient baseline inducibility, poor reproducibility, and a low negative predictive value for VT recurrence (26%-44%) among noninducible patients. [8] [9] [10] [11] In a large series of patients with post-MI VT, we assessed the benefit of a strategy based on both VT and sinus rhythm (SR) electrogram-guided mapping and ablation, specifically targeting LPs, and whether achieving the novel combined procedural end point of VT noninducibility and LP abolition could further reduce VT recurrence and cardiac mortality.
Methods
One hundred sixty consecutive post-MI patients with drug-refractory (≥1 antiarrhythmic) VT were referred for catheter ablation at the San Raffaele Hospital VTU, Milan, Italy, between January 2010 and December 2012 and constituted the study population. The study period started when the VTU was established at this institution and ended to allow ≥6 months of follow-up (until June 2013). The study was approved by the institutional review committee, and all patients gave written informed consent. Thirty-six had a prior ablation procedure at a referring center. Prospective data collection comprised medication history, cardiovascular disease type and investigations, and presence of other comorbidities including cerebrovascular, respiratory, chronic renal, and thyroid disease. Patients were all receiving optimal medical therapy.
Arrhythmia presentation was classified as electrical storm, incessant, or recurrent VT as previously described. 8 A VT ablation was scheduled either as an emergency, with circulatory support if necessary, or electively in low-risk stable patients. 8 Antiarrhythmic therapy was withdrawn 5 half-lives before the procedure, apart from amiodarone, which was stopped 48 hours before. The decision to obtain subxiphoid epicardial access was based on clinical and prior procedural data or as part of research protocol and undertaken using a posterior approach. Double-LV access (retrograde aortic and transseptal) was standard. Procedures were performed under general anesthesia with inotropic support (epinephrine±norepinephrine). Inotropes were uptitrated to maintain a mean arterial blood pressure >65 mm Hg during SR and poorly tolerated VT (aiming for at least short-duration (≤1 minute) ablation if feasible). Poorly tolerated VT was defined as unmappable if no ablation could be undertaken despite these measures. Hypotension despite high-dose inotropes triggered the implementation of invasive hemodynamic support using an intra-aortic balloon pump or extracorporeal membrane oxygenation.
VT Ablation Strategy and Procedure
Patients underwent high-density electroanatomic mapping (EAM; defined as a 5-mm EAM interpolation fill threshold in areas with a bipolar voltage <1.5 mV and 10 mm elsewhere) with the CARTO 3 (Biosense Webster, Diamond Bar, CA) or NavX Ensite Velocity (St. Jude Medical Inc, Milwaukee, WI) systems. Substrate mapping was performed during SR or ventricular pacing. Scar and border zone were defined as areas with a bipolar voltage of <0.5 mV and 0.5 to 1.5 mV, respectively. Electrogram-guided ablation was based principally on LPs, considered to have a high likelihood of relating to putative VT isthmuses. LPs were defined as local ventricular potentials occurring after the terminal portion of the surface QRS, whereas early potentials (EPs) were defined as those inscribed within the QRS. The LP definition included either continuous fragmented activity, bridging from the main component within the QRS to the latest signal recorded, or isolated potentials recorded after the QRS offset, without a definite voltage cutoff. The electrogram was always marked at the latest recorded activity. Abnormal EPs were defined as fragmented electrograms, typically recorded at the scar border (in the range between 0.5 and 1.5 mV); pacing was systematically attempted at these sites looking for morphology match with any induced VT and for latency between the stimulus and the QRS (>40 ms). Pacing was performed at increasing strengths, from twice the diastolic threshold ≤10 mA using a 2-ms pulse width ( Figure 1 ). LPs were a primary target in all patients and EPs secondary or adjunctive. Three-dimensional color-coded voltage and LP maps were made using the above EAM systems. For LP maps, the terminal portion of every local electrogram was manually marked during the mapping procedure allowing the generation of a high-density color-coded map with the lower time threshold set to the difference between the reference and end of the surface QRS complex. 7 This defined the baseline location and size of LP areas for comparison with remaps undertaken postablation. EPs were manually tagged as points on the 3-dimensional EAM maps ( Figure 2 ).
After substrate mapping, PVS with ≤4 extrastimuli from the right ventricular apex and multiple LV sites was performed. End points for PVS were sustained VT or ventricular fibrillation (VF), ventricular refractoriness, or a minimum coupling interval of 200 ms with the final extrastimulus. Inducibility was categorized according to narrow (VT, excluding VF) and broad (VT, including VF) definitions. 11 A summary of our VT ablation strategies (divided into groups) are outlined ( Figure 3 ):
1. In patients with tolerated or hemodynamically supportable VT, VT was ablated using activation and entrainment mapping. After VT termination, ablation continued in SR aiming at the complete abolition of LPs (1A) when present or EPs when absent (1B). 2. In patients with noninducible or hemodynamically unsupportable VT, ablation was performed during SR, targeting LP areas when present (2A) and EPs when absent (2B). 3. In patients without inducible VT and without electrogramguided targets (as previously defined), ablation was undertaken using pace mapping (assessing for 12/12 match with a clinical VT if available or with anatomic and scar-based lines [3] ).
Radiofrequency current was delivered with a 3.5-or a 4-mm openirrigated catheter with power settings of 30 to 60 W and a temperature limit of 43°C. Catheter preference included contact force assessment since available, which as we have shown improves LP identification. 12 By study design, we aimed to achieve the combined procedural end point of VT noninducibility (narrow definition of VT inducibility, excluding VF) and LP abolition (endocardial and epicardial when assessed) in all cases. Patients who were baseline inducible but who did not have PVS at the end of the procedure, either because they were in VT or because clinical deterioration prevented this, were considered inducible for the analysis. Patients were grouped into 3 based on their final postablation status for the primary analysis: group A, noninducible with LP abolition; group B, noninducible without LP abolition; and group C, inducible.
Follow-Up
Patients underwent 5 days of 12-lead ECG telemetry in the VTU to monitor for early VT recurrence postoperatively with amiodarone therapy reinstituted if necessary. In cases of drug-refractory VT recurrence, catheter ablation was repeated. Regular outpatient followup visits were scheduled at 3-monthly intervals or whenever any symptoms recurred.
Primary end points of the study were the recurrence of sustained mono-or polymorphic VT/VF triggering ICD intervention as well as the occurrence of cardiac death and sudden cardiac death (defined as death resulting from malignant ventricular arrhythmias occurring within 1 hour of the onset of symptoms). For secondary analyses, early VT recurrence was defined as that occurring within 3 months of ablation.
Statistical Analysis
Continuous variables are presented as means (±SD) or medians (interquartile range or range if specified) and categorical variables as numbers and percentages. Comparisons between groups were undertaken using the t test or nonparametric tests for continuous variables and Fisher exact test or χ 2 test for proportions as indicated. Agreement was assessed using Cohen κ coefficient. Event-free survival was estimated by the Kaplan-Meier method using the logrank test. Univariate Cox proportional hazard analyses were used to assess the relationship between background characteristics and procedural end points with respect to time to VT recurrence and cardiac death. Baseline variables that were significantly (P≤0.05) related to the primary end points in the univariate analyses were entered into a forward stepwise logistic regression analysis. The resulting model was confirmed with backward analysis. Differences were considered statistically significant at the 2-sided P<0.05 level. All analyses were undertaken using IBM SPSS Statistics version 21 (IBM Corporation).
Results
One hundred sixty patients (154 [96%] male; aged 70.0±8.1 years) underwent VT ablation for post-MI VT during the study period. Five were excluded from the combined end point analysis because they could not be assigned to any procedural end point group (1 death, 1 contraindication to PVS, and 3 noninducible after VT mapping/ablation but without baseline LP mapping). The background characteristics of the 155 patients, according to group, are shown in Table 1 . Patients in group A more frequently had a prior catheter ablation than those in group B (P=0.04); otherwise there were no significant differences. Compared with group A, group C patients had a lower LV ejection fraction (P=0.01) and increased New York Heart Association class IV association (P≤0.01). No patients were lost to follow-up with a median follow-up time of 563 (365-870) days.
VT Ablation Procedure
Procedural characteristics and findings are shown in Table 2 . Twelve patients required invasive hemodynamic support (9 intra-aortic balloon pump, 3 extracorporeal membrane oxygenation) and a combined endo-epicardial approach was used in 32 Figure 1. Case illustrating early potential (EP) assessment in a patient with an inferior myocardial infarction and no late potentials. Top (left to right), Bipolar voltage map showing an inferior infarct, and activation map showing lack of late potentials and induced clinical ventricular tachycardia (VT) morphology. The VT was not tolerated and therefore not mappable using either activation or entrainment mapping. Middle (left to right), A spontaneous ventricular ectopic with a similar morphology to the clinical VT dissociates the sharp near-field and far-field electrograms with the near-field electrogram becoming early with respect to the QRS complex, and remote pacing from the right ventricle (RV) also dissociates the component electrograms with the near-field now later than the far-field and pacing from the ablation catheter (amplitude, 10 mV; pulse width, 2 ms) showing a long stimulus to QRS >40 ms. The stimulus to QRS interval reflects the conduction time from the stimulus site to the edge of the scar (see theoretical circuit). The QRS configuration differs from that of ventricular tachycardia in exit 1 and exit 3; however exit 2 is close to the exit site of the clinical VT. Bottom (left to right), After substrate ablation targeting EPs, the electrophysiological study with 4 extrastimuli was negative. EPS indicates electrophysiological study; and PVC, premature ventricular contraction. (21%) procedures. Figure 4 provides a study flowchart describing VT inducibility and LP mapping pre-/postablation and combined procedural end point data and grouping. Of the 160 patients, 137 (86%) were either inducible or in VT at baseline with 21 (13%) noninducible and 2 with a relative contraindication to PVS (left atrial appendage thrombus) and 103 (65%) had baseline LP presence, of which 79 (77%) underwent successful LP abolition. Postablation, 19 either remained inducible or in VT or had clinically deteriorated prohibiting further PVS and were considered inducible for the combined end point analysis (group C), of which, 5 underwent apparently successful LP abolition, 5 had LP abolition failure, 6 had no identifiable LPs, and 3 did not undergo baseline LP mapping. Sixty-three (41%) were noninducible with either failed LP abolition or no baseline LP presence (group B), and 73 (47%) were noninducible with successful LP abolition (group A). Five were excluded as described.
Complications
Of the 160 patients, 4 (2.5%) died in hospital. Causes were heart failure, pneumonia, hepatorenal failure, and intraprocedural refractory VF. One patient had cardiac tamponade needing emergency surgery. One patient had a postoperative acute coronary syndrome, and 1 patient developed a tracheal hematoma, both needing intervention. One patient developed a subdiaphragmatic hematoma after epicardial puncture treated conservatively. Two patients with ICDs developed complete atrioventricular block, and there were 5 femoral vascular complications, treated conservatively. These accounted for an overall 7% nonfatal complication rate with 4% not requiring intervention.
Postprocedural Management
Eighteen in-hospital VT recurrences occurred, 6 treated medically and 12 with redo ablation procedures. Of the 81 (52%) currently on amiodarone therapy (65% excluding those with prior amiodarone-related side effects), 38 (25%) were discharged on this (P<0.01) with 133 (86%) on a conventional β-blocker. Of the 10 patients without a pre-existing ICD, 3 underwent ICD implantation postablation. The remaining 7 had preserved LV function and underwent predischarge negative PVS. Nine patients underwent upgrading to a biventricular defibrillator (4 in group A, 5 in group B).
VT Recurrence
Fifty patients (32%) had a VT recurrence during the follow-up period with a median recurrence time of 82 days. Patients who fulfilled the combined end point of VT noninducibility and LP abolition exhibited a significantly lower incidence of VT recurrence compared with noninducible patients at the end of the procedure without additional LP abolition (16.4% versus 46.0%; log-rank P<0.01) and those with VT inducibility (16.4% versus 47.4%; log-rank P<0.01), whereas no difference occurred between noninducible patients without LP abolition and inducible ones (46.0% versus 47.4%; logrank P=0.44; Figure 5A ). Including only patients with baseline LP presence (n=102), the agreement between LP abolition and noninducibility was fair (κ=0.24±0.21; P≤0.01). Considering those with baseline LP presence and final noninducibility, achieving LP abolition was associated with a lower incidence of VT recurrence compared with those with failed LP abolition (16.4% versus 57.9%; log-rank P<0.01; Figure 5B ).
Significant Beyond the 12 patients who underwent redo procedures before discharge, redo VT ablation was performed in an additional 14 patients. Of these, only 1 of 26 remained inducible, 14 (53.8%) were noninducible with either failed LP abolition or no baseline LP (12%) presence, and 11 (42.3%) were noninducible with successful LP abolition. Patients who fulfilled the combined end point of VT noninducibility and LP abolition had a lower incidence of VT recurrence after the last procedure compared with noninducible patients with failed LP abolition (9.1% versus 50%; log-rank P<0.01). In fact, LP abolition turned out to be the only predictor of VT recurrence in these patients with a redo procedure (HR, 0.10; P=0.03).
Cardiac Death
Nine patients (6%) died from noncardiac and 17 (11%) from cardiac causes during the study period (15 because of cardiac decompensation and 2 sudden deaths). In those who died from cardiac causes, median time to death from the first procedure was 63 (15-418) days.
Early VT recurrence was associated with a marked increased incidence of cardiac death (22.2% versus 8.6%; log-rank P=0.02). Patients who fulfilled the combined end point of VT noninducibility and LP abolition compared with those with VT inducibility exhibited a significantly lower incidence of cardiac death (4.1% versus 42.1%; log-rank P<0.01). Moreover, noninducible patients at the end of the procedure (without additional LP abolition) also had a lower incidence of cardiac death compared with VT inducible patients (9.5% versus 42.1%; log-rank P<0.01), whereas the difference between noninducible patients with and without LP abolition was not significant (4.1% versus 9.5%; log-rank P=0.25; Figure 5C ). Cardiac death was highly related to final VT inducibility status in the overall population (6.6% versus 42.1%; log-rank P<0.01). Table 3 .
After multivariate analysis, New York Heart Association class (HR, 2.03; P=0.02) and the combined end point remained significant predictors of cardiac death (Table 4 ). For the combined end point, VT noninducibility and LP abolition (HR, 0.11; P≤0.01) and VT noninducibility without LP abolition (HR, 0.21; P<0.01) were significant as compared with inducible patients. 
Discussion
We have previously shown that successful catheter ablation for VT, as judged by postprocedural inducibility, can favorably affect VT recurrence and cardiac mortality in the setting of a dedicated VTU. 8 In this report, we have focused on our current procedural strategy that is based on both VT and SR mapping, targeting VT and LPs when present, in post-MI patients with a high prevalence (94%) of previously implanted ICDs. The main study findings are as follows:
1. Two thirds of post-MI patients presenting for VT ablation have mappable LPs, and in 80% these can be eliminated with current techniques. Considering that 13% were noninducible at baseline, a combined end point approach allowed 97% of patients to be treated systematically. 2. Achieving the combined procedural end point of VT noninducibility and LP abolition, in patients needing single or multiple interventions, reduces VT recurrence to exceptionally low levels (16%), now comparable with other complex arrhythmias, such as paroxysmal atrial fibrillation ablation. 3. VT inducibility using the narrow (excluding VF), as opposed to the broad, definition is a superior predictor of VT recurrence. 4. Early VT recurrence is highly predictive of cardiac death. 5. In the setting of a dedicated VTU, VT ablation can be safely undertaken with an acceptably low periprocedural death and complication rates, including the use of an epicardial approach, when LPs were found to be remarkably prevalent (≈60%).
End Points: VT Noninducibility
Important acute diagnostic issues with PVS include daily baseline variability, effects of changing antiarrhythmic/sedation/ general anesthetic therapy, drive cycle, extrastimuli protocol and pacing site dependence, inconsistent clinical/nonclinical VT induction, and induction of VF in healthy individuals using aggressive protocols, the so-called nonspecific response. 9, 13 We have presented our data using narrow and broad definitions of VT inducibility. 11 In accordance with the Multicenter Automatic Defibrillator Implantation Trial (MADIT) II, the narrow definition of noninducibility was more predictive of VT recurrence. 11 Taking into consideration the above limitations, we consider any inducible sustained monomorphic VT as a marker for arrhythmogenic substrate and possible VT recurrence and therefore use this as an indispensable procedural end point. Furthermore, in one third of patients we did not identify LPs necessitating an approach based mostly on VT mapping and ablation. We observed that a large proportion of noninducible patients recur; however, with the additional proof of substrate modification, such as with LP abolition and other techniques under investigation, the prognostic value of noninducibility as an end point can be enhanced.
End Points: LP Abolition
Because VT inducibility testing is hampered by unsatisfactory reproducibility and in 13% of our cases baseline noninducibility, a strategy aiming to abolish all potential circuits is additive. Additionally, mapping and ablating during SR improve hemodynamic stability, especially when faced with patients who have poorly tolerated VT, several VTs, VTs with rapidly changing morphologies, polymorphic VT/VF, or VTs that are difficult to terminate within a reasonable time frame.
One may consider invasive hemodynamic support, but this is an escalation of care, necessitating postoperative intensive care unit, thus increasing postoperative risk. Thus, we reserved this for the minority of cases (8%) who developed severe hypotension and low cardiac output state despite highdose inotropic support.
Other strategies for VT ablation in SR include scar-based ablation using linear or encircling lesions to divide the VT re-entry isthmus. [14] [15] [16] [17] Isolated LPs and conducting channels in SR have been shown to correlate with VT circuit isthmuses and can be used as a target for substrate ablation in SR. 18, 19 We have previously demonstrated that successful LP abolition reduces VT recurrence, and we have systematically instituted this as a second procedural end point in patients with structural heart disease. 7 This end point can be clearly defined by systematically remapping and documenting the presence or the absence of LPs after ablation, with further ablation if necessary and feasible. We consider high-density mapping using 3-dimensional EAM systems mandatory for this approach.
Prior VT Ablation Studies
In the randomized Substrate Mapping and Ablation in Sinus Rhythm to Halt Ventricular Tachycardia (SMASH-VT) trial (128 patients), catheter ablation reduced ICD therapies by 65% during a 2-year follow-up in post-MI patients receiving ICDs for secondary prevention. 5 The main ablation strategy used pace mapping and subsequent scar-based ablation in SR, although VTs and LPs were targeted in some cases. The Ventricular Tachycardia Ablation in Coronary Heart Disease (VTACH) study randomized 107 post-MI patients with stable VT to ICD implantation and VT ablation (VT mapping and scar-based linear lesions without targeting LPs) or ICD implantation alone. 6 At 2 years, VT-free survival was 47% in the ablation group and 29% in the control group. In the Cooled RF trial (146 patients), 46% of patients developed a VT recurrence with a mean follow-up of 243 days, and this was unrelated to VT inducibility at the end of the procedure. 10 In the multicenter Thermocool Ventricular Tachycardia Ablation Trial (231 post-MI patients) catheter ablation focused on VT noninducibility was highly effective in reducing VT recurrence, yet the 1-year cardiac mortality rate remained high at 13%. In our study, with a median follow-up time of 1.5 years, the redo rate was low at 16%, with a VT recurrence rate of 32% after 1 procedure and 21% after redo procedures, comparing favorably with prior studies. The yearly cardiac mortality rate was 7% including an in-hospital death rate of 2.5%, which is relatively low in a population characterized by heart failure and multiple comorbidities. In 70 patients with ischemic and idiopathic dilated cardiomyopathy, Jaïs et al 20 assessed the impact of successful ablation of local abnormal ventricular activity as a single procedural end point on the combined outcome of VT recurrence and all-cause mortality. The observed benefit was primarily driven by LP abolition on VT recurrence, consistent with our findings. 20
Study Findings
The combined end point of VT noninducibility and LP abolition was associated with a 5-fold reduction in VT recurrence and a 10-fold reduction in cardiac mortality as compared with inducible patients and was achievable in 47% of cases. In a further 41%, only noninducibility was achieved, and this was associated with a similar mortality but markedly higher VT recurrence. In this group, only 30% had mappable LPs suggestive of a different substrate that is less amenable to ablation that is associated with a higher VT recurrence rate. Early VT recurrence was closely linked to cardiac death, suggesting that the lack of an observed mortality difference between groups A and B may have been because of an insufficient study population size or follow-up duration as the annual cardiac mortality rate was low among noninducible patients (≈4%). A striking observation from this study relates to sex differences, with a high prevalence of men undergoing VT ablation yet a higher mortality in women. This is partly explained by the lower prevalence of women with ICDs (≈20% of the overall ICD population), but it is also concerning to note that women may receive less mortality benefit from ICDs and, possibly, VT ablation as well. 21 Remarkably, electrical storm and incessant VT presentations did not predict VT recurrence or death suggesting that our management of these patients in particular has improved in recent years. Post-MI patients present the prototype substrate for SR-based mapping and ablation, yet we only achieved a combined end point in half of these patients. Reasons for this are several fold. First, current LP abolition rates only reach 80%, mainly because of limitations of radiofrequency as an energy source. Second, LPs may be intramural or epicardial and thus unmapped. Additionally, LPs may recover postablation, and ablation itself may introduce LPs. LPs present a clear end point for substrate ablation; however, the same is not true for EPs, as at present, there is no SR mapping technique for rapidly discerning those that relate to VT isthmuses. Pacing maneuvers can help but are time consuming to undertake in a systematic fashion when using highdensity mapping. New contact multipolar mapping catheter technologies, allowing greater point density and definition and faster mapping, may allow us to overcome these issues with EP characterization and subsequent documentation of their disappearance postablation.
Limitations
This is a single-center prospective analysis of our current ablation strategy, not a randomized controlled trial assessing catheter ablation against medical therapy or one strategy versus another.
Conclusions
Achieving a combined catheter ablation procedural end point of VT noninducibility and LP abolition reduces VT recurrence and cardiac mortality in post-MI patients who already have implanted ICDs. In the setting of a specialized VTU, using modern mapping and ablation techniques, this allows overall VT recurrence and mortality rates to be significantly reduced as compared with prior reports.
